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FRAME FORMAT AND FRAME
ASSEMBLING/DISASSEMBLING METHOD
FOR THE FRAME FORMAT

This Application 1s a Continuation of U.S. patent applica-

tion Ser. No. 11/141,015, filed Jun. 1, 2005, now U.S. Pat. No.
7,570,645, entitled “FRAME FORMAT AND FRAM
ASSEMBLING/DISASSEMBLING METHOD FOR TH
FRAME FORMAT,” which 1s a Divisional of U.S. patent
application Ser. No. 09/485,145, now U.S. Pat. No. 6,931,
009, filed Jan. 18, 2000, entitled “FRAME FORMAT AND
FRAME ASSEMBLING/DISASSEMBLING METHOD
FOR THE FRAME FORMAT,” which 1s a National Stage
Application of PCT/US98/14198, filed Jul. 15, 1998, entitled
“A FRAME FORMAT AND FRAME ASSEMBLING/DIS-
ASSEMBLING METHOD FOR THE FRAME FORMAT,”
which claims the benefit of U.S. Provisional Application No.
60/052,539, filed on Jul. 15, 1997. The entire disclosures of
these Applications are mcorporated herein by reference in
their entirety for all purposes.

L) L4

FIELD OF THE INVENTION

The present mvention relates to the efficient and reliable
transmission of packet or cell-based information, such as
frame relay, SS#7, ISDN, Internet or asynchronous transier
mode (ATM)-based information, via wireless links. More
specifically, the present invention relates to a frame format for
a communication signal containing a bit stream including
packet- or cell-formatted data. While the present invention 1s
applicable all of the foregoing and other similar types of cell
or packet-based transmission formats, the ATM format will
be the exemplary focus of one preferred embodiment for
purposes of providing an 1s enabling disclosure, written
description and best mode for the present invention.

BACKGROUND OF THE INVENTION

There are a variety of methods for transmitting information
via a broadband Integrated Services Digital Network
(B-ISDN), using a variety of protocols related to Asynchro-
nous Transport Mode (ATM), frame relay mode, ISDN and
SS#7 modes, and Internet-mode of transmission. Each of
these modes permit the transmission of an original stream of
information by time-dividing it into a plurality of discrete
cells or packets. As used 1n the field, packets may have a
variable size but cells typically have a predetermined size,
such as the 53-byte sized ATM cell. The ATM mode, as the
exemplary preferred embodiment, was originally 1nvesti-
gated by a group called the International Telephone and Tele-
graph Consultative Committee (CCITT). The group, cur-
rently called the International Telecommunication Union-
Telecommunications  Standards  Sector  (ITU-TSS),
ivestigated a new form of ISDN that would have the flex-
ibility to accommodate a large number of channels and the
ability to transter large amounts of data at a very fast rate. At
the end of the study, the committee decided to adopt ATM as
the target transfer mode for the B-ISDN. The ITU-TSS 1s
currently defining the wide area network (WAN) standards
for ATM.

ATM 1s a transier mode that sends 53 octet packets (since
the size 1s fixed, they also are considered as cells) of nfor-
mation across a network from one communication device to
another. The 33 octets are comprised of 48 octets of data
information, referred to as the payload, and 5 octets of header
information (including the routing information). The header
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2

and data information must be organized into cells so that
when the cells are filled, they can be sent when an open slot of
53 octets becomes available.

Although ATM based transmission, switching, and net-
work technology has been employed 1n broadband integrated
services digital networks (B-ISDN) which rely on fiber
optics, there are numerous difliculties associated with imple-
menting ATM based technology 1n a wireless communication
network. Similar difficulties are found 1n other cell- or packet-
based systems, such as frame relay, Internet, ISDN and SS5#7
systems. These difficulties include the fact that cell or packet-
based networks and switches rely on a number of high speed

interfaces. These high-speed standard interfaces include
OC-3 (155 Mbit/s), OC-12 (622 Mbait/s)and DS3 (45 Mbat/s).

However, few cell- or packet-based networks and switches
support lower speed interfaces, such as'T1 (1.544 Mbait/s) and
the programmable rate RS-449 interface.

As a consequence, there are only a few interfaces which
can support the comparatively low transmission rates (less
than 1 Mbit/s to a 8 Mbit/s) used in wireless communication.
Although commercial satellite and wireless modems support
these low transmission rates using an RS-449 programmable
rate interface, it 1s ditficult to implement cell- or packet-based
technology 1n a wireless environment using conventional
interfaces because most ATM tratfic 1s transmitted over high
rate data interfaces.

Another difficulty associated with implementing cell- or
packet-based technology in a wireless communication net-
work has to do with the fact that cell- or packet-based proto-
cols rely on extremely low bit error ratios which are typical of
fiber optics based networks. By way of example, ATM pro-
tocols assume that the transmission medium has very low Bit
Error Ratios (BER) (10.12) and that bit errors occur ran-
domly.

In contrast, the bit error ratios associated with wireless
communication are much higher (on the order of 107> to 10™%)
and tend to fluctuate 1n accordance with atmospheric condi-
tions. In addition, the errors associated with wireless commu-
nication tend to occur in longer bursts. Thus, a robust error
correction scheme must be employed 1n a wireless network 1n
which cell- or packet-based technology 1s to be implemented.

In addition to the difficulties discussed above, there 1s
another significant constraint placed on wireless communi-
cation networks which 1s not imposed on terrestrial based
fiber optics networks. This constraint has to do with the fact
that the cost of bandwidth in a wireless network 1s much
higher than for fiber optics networks. As a consequence of
having been traditionally implemented 1n fiber optics net-
works, ATM-based technology 1s not particularly efficient in
its use of transmission bandwidth. Therefore, 11 ATM-based
technology 1s to be implemented in wireless networks, 1t must
achieve a more efficient use of bandwidth. These same goals
apply to ISDN/SS#7 and Internet transmissions, and those
generally using TCP/IP protocols. However, no solution to
problems blocking achievement of these goals 1s seen 1n the
prior art.

For example, U.S. Pat. No. 5,568,482 relates to a low speed
radio link system and method designed for ATM transport.
The system 1s based on a data protocol which 1s compatible
with non-wireless ATM based data transmission systems. The
data protocol incorporates a frame format which allows for
the transmission of ATM cells 1n low speed, high noise links.
However, the data protocol 1s rigid and does not account for
partial or compressed cells. Similarly, the reference fails to
accommodate flexible data payloads or flexible block codes
for error correction.
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3
SUMMARY OF THE INVENTION

The present mvention overcomes the above-mentioned
problems associated with implementing cell- or packet-based
technology 1n a wireless communication network by provid-
ing a frame format for a communication signal containing a

bit stream that includes data formatted for asynchronous
transfer mode (ATM), frame relay, ISDN/SS#7 and Internet
protocols, or other packet or cell-formatted data.

In the ATM format, The bit stream 1s orgamzed nto a
plurality of frames according to the frame format which
includes a flame header, a data payload having a first variable
s1ze, and a block code having a second variable size which 1s
used for error correction. According to the present mnvention,
the data payload includes at least one of a partial ATM data
cell and a complete ATM data cell.

Advantageously, the data payload may include at least one
of a partial packet of compressed data and a complete packet
ol compressed data.

According to one aspect of the inventive frame format, the
frame header may include a first header field which defines a
number of data cells (e.g., ATM cells) or packets 1n the data
payload. In the case of ATM, the number of ATM data cells
includes only complete ATM data cells and any partial ATM
data cell which follows the complete ATM data cells.

The frame header also includes a second header field which
defines a s1ze of a first partial ATM data cell that precedes any
complete ATM data cells included 1n the data payload, and a
third header field which defines a frame number of a corre-
sponding one of the plurality of frames.

The frame header may also include a fourth header field
which defines a predetermined characteristic of the block
code 1 accordance with the frame number of the correspond-
ing one of the plurality of frames. According to the mnventive
frame format, the predetermined characteristic may corre-
spond to the second variable size of the block code.

According to another aspect of the inventive frame format,
the second variable size of the block code depends on a bit
error rate of the communication signal.

According to yet another aspect of the mventive frame
format, the block code may correspond to Reed-Solomon
Coding.

According to still yet another aspect of the inventive frame
format, the data payload may also comprise a pattern for
identifying the boundary of a corresponding frame 1n order to
facilitate frame synchronization. Advantageously, the data
payload may be filled entirely with the pattern, which may be
a synchronization pattern.

According to a second embodiment of the invention, a
method 1s provided for assembling a plurality of frames,
including formatted data according to a predetermined frame
format for transmission 1 a communication signal, e.g.,
asynchronous transier mode (ATM), frame relay, Internet or
ISDN/SS#7 format. The method includes the steps of assem-
bling a data payload for each frame having a first variable size
including at least one of a partial data cell or packet and a
complete data cell or packet, generating for each frame a
block code having a second variable size which 1s used for
error correction, and providing for each frame a frame header
which defines aspects of said frame.

The method also includes the step of combining the data
payload, the block code and the format header to form a
corresponding frame of said plurality of frames. According to
the imnventive method, the format header defines a first portion
of the frame, the data payload defines a second portion of said
frame and the block code defines a third portion of the frame.
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According to one aspect of the inventive method, the data
payload further comprises at least one of a partial packet of
compressed data and a complete packet of compressed data.
According to yet another aspect of the present invention, the
inventive method turther comprises the step of interleaving a
group of said plurality of frames. The step of interleaving may
include the steps of segmenting the frames of the group into a
plurality of segments and rearranging the order of tee plural-
ity of segments within the group. Advantageously, the step of
interleaving may be performed using a single buffer memory
in accordance with the present invention.

According to a third embodiment of the present invention,
a method 1s provided for disassembling a plurality of frames
of a communication signal including, for example, asynchro-
nous transier mode (ATM), frame relay, Internet or ISDIN/
SS#7 formatted data. The frames each include, 1n accordance
with a predetermined frame format, a frame header which
defines aspects of a corresponding frame, a data payload
having a first variable size, and a block code having a second
variable size which 1s used for error correction.

According to the third embodiment of the present imnven-
tion, the data payload includes at least one of a partial cell, a
complete cell, a partial packet of compressed data and a
complete packet of compressed data.

The method includes the steps of recerving a frame of the
plurality of frames, decoding the block code of the frame,
correcting errors of the frame created during a transmission
thereof, and extracting from the data payload the at least one
of the partial cell, the complete cell, the partial packet of
compressed data and the complete packet of compressed data
in accordance with information included in the frame header.

According to one aspect of the inventive method, a group of
the plurality of frames may be interleaved. In addition, prior
to the step of extracting the group of the plurality of frames 1s
de-interleaved. According to yet another aspect of the present
invention, the group of the plurality of frames comprises a
plurality of segments and the step of de-interleaving further
comprises the steps of rearranging the order of the plurality of
segments within the group and recreating each of the frames
of said group in an original form. According to still yet
another aspect of the invention, the step of interleaving may
be performed using a single builer memory.

According to a fourth embodiment of the present invention,
an apparatus 1s provided for assembling a plurality of frames,
including asynchronous transier mode (ATM), frame relay,
Internet or ISDN/SS#7-formatted data according to a prede-
termined irame format for transmission 1n a communication
signal. The apparatus includes an assembling circuit for
assembling a data payload for each frame having a {irst vari-
able size, the data payload, including at least one of a partial
data cell and a complete data cell.

The apparatus also includes a generating circuit for gener-
ating a block code having a second variable size for each
frame, the block code being generated for error correction,
and a header generating circuit for generating a frame header
for each frame which defines aspects of the frame.

The apparatus further includes a frame integrating circuit
for combining the data payload, the block code and the format
header to form a corresponding frame of the plurality of
frames. The format header defines a first portion of the frame.
The data payload defines a second portion of the frame and
the block code defines a third portion of the frame.

According to one aspect of the present invention, the appa-
ratus may further include an interleaving circuit for interleav-
ing a group of the plurality of frames.

According to a fifth embodiment of the present invention,
an apparatus 1s provided for disassembling a plurality of
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frames of a communication signal, including asynchronous
transier mode (ATM), frame relay, Internet and ISDN/SS#7 -

formatted data. The frames each include, in accordance with
a predetermined frame format, a frame header which defines
aspects of a corresponding frame, a data payload having a first
variable size, and a block code having a second variable size
which 1s used for error correction. The data payload includes
at least one of a partial cell, a complete cell, a partial packet of
compressed data and a complete packet of compressed data.

The apparatus includes a frame recerving circuit for recerv-
ing a frame of the plurality of frames, a decoding circuit for
decoding the block code of the frame, the decoder correcting
errors of the frame created during a transmission thereof.

The apparatus also includes a data extracting circuit for
extracting from the data payload the at least one of the partial
cell, the complete cell, the partial packet of compressed data
and the complete packet of compressed data in accordance
with information included 1n the frame header. The apparatus
may also include a de-interleaving circuit for de-interleaving
said group of said plurality of frames which are interleaved.

Asused herein, the term *““cell” shall be used to mean a fixed
s1ze container, such as the ATM cell, and the term “packet”
shall be used to mean and a variable size container, and the
term “cell/packet” shall mean generically either or both such
container arrangements.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features, aspects and advantages of the
present invention will become better understood with refer-
ence to the following description, appended claims, and
accompanying drawings, 1n which:

FIG. 1A shows an interface which implements the present
ivention.

FIG. 1B shows a portion of an interface corresponding to
the present invention.

FIG. 2 shows a frame format according to the present
invention.

FIG. 3 shows a first example of a frame formed 1n accor-
dance with the present invention.

FIG. 4 shows a second example of a frame formed in
accordance with the present invention.

FIG. 5 shows a third example of a frame formed 1n accor-
dance with the present invention.

FIG. 6 shows two buffers which are used to implement a
first interleaving scheme of the present invention.

FI1G. 7 shows a single buifer which 1s used to implement a
second 1nterleaving scheme of the present invention.

FIGS. 8A-8C show flow charts incorporating methods of
assembling frames according to the present invention.

FIGS. 9A-9C show flow charts incorporating methods of
assembling frames according to the present invention.

FIG. 10 shows an exemplary apparatus according to the
present invention.

FIG. 11 A 1llustrates a high level arrangement for a frame
relay system.

FI1G. 11B 1llustrates a satellite/wireless frame structure that
1s applicable to a frame relay system.

FI1G. 11C illustrates the fields 1n a Spacket used in a frame
relay system.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention 1s directed to a frame format for a
communication signal containing a bit stream, including

ATM, frame relay, Internet, ISDN/SS#7 and other cell- and
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packet-formatted data. The present invention also incorpo-
rates a method of assembling frames according to the frame
format, and a method of disassembling the frames.

The subject matter of the present invention encompasses
one aspect of a cell- or packet-based technology that 1s incor-
porated 1nto an interface between conventional cell- or
packet-based technology and a wireless communication net-
work. The mterface was developed 1n order to facilitate the
transmission of cell or packet-based traflic in a wireless com-
munication network. However, the interface may also facili-
tate the transmission of cell- or packet-based traific over a
terrestrial based network. The above-mentioned interface for
an ATM-format system 1s referred to as an ATM Link Accel-
erator (ALA), and 1s used herein by way of example 1n a
preferred embodiment.

FIG. 1A depicts interfaces 5 and 7 which each provide a
means of interconnecting standard ATM switches 10 and 20
over a terrestrial or satellite link 25, in order to provide high

quality service for AT M-based applications and to provide an
eificient use of transmission link bandwidth.

The ATM switches 10 and 20 may be incorporated into
local area networks 135 and 18 which include computers 30,
40, 50 and 60, and L AN routers 70 and 80. The interfaces 5
and 7 may connect to the terrestrial or satellite link 25 via
modems 90 and 100 which implement the RS-449 program-
mable rate interface discussed above. Alternatively, a multi-
plexer, a channel service unite (CSU) or a digital service unit
(DSU) may be used instead of a modem.

FIG. 1B shows a portion of an interface 110 related to the
present invention. The portion 110 includes a frame assem-
bler 115, which forms the frames of a communication signal
in accordance with the mventive format, an encoder 120
which generates a block code which 1s imncluded in a corre-
sponding frame for error correction of the frame, and an
interleaver 125 which interleaves a group of individual
frames 1n order to spread a burst of errors across each frame.
The mterface 110 also includes a deinterleaver 130 which
deinterleaves an interleaved frame recerved across a transmis-
s1on link 1n order to provide a group of individual frames, a
decoder 1335 which decodes the block code of a correspond-
ing frame in order to provide error correction for the frame,
and a frame disassembler 140 which disassembles a frame
into 1ts constituent parts 1n the manner described below.

According to the present invention, ATM based cells are
organized 1nto frames which are suitable for wireless com-
munication. However, the present invention 1s equally appli-
cable to terrestrial based communication. Advantageously,
the header and data portions of each cell may be compressed
so as to increase the effective bandwidth of the wireless
communication link. Each frame can be efficiently packed
with ATM cells and/or varniable size packets which may be
made up of compressed ATM cells. In addition, aportion of an
ATM cell or variable size packet may be included in a frame
for optimal efficiency.

The frames are subsequently encoded 1n order to provide
for the necessary error correction. According to one aspect of
the present invention, adaptive coding can be employed by
which the proper amount of forward error-correction 1s com-
puted on a real-time basis in accordance with the number of
bit errors detected 1n the recerve link. Thus, 1f the quality of
the recerved information 1s high, reduced bits can be allocated
for data correction.

In this manner, the right amount of coding can be selected
for the measured link quality and this information can be
conveyed to a remote interface continuously. Once the remote
interface recerves this information, 1t can change the frame
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format to include fewer or more coding bytes as necessary for
all subsequent transmitted frames.

Error detection may be improved by interleaving the
encoded signals. The use of interleaving techniques provides
a way of spreading errors across multiple frames. In addition,
the present invention employs a “convolutional” interleaving,
scheme which provides for better delay performance.

The present mvention also employs a scheme for frame
synchronization between a transmitting interface and a
receiving interface. The scheme 1s carried out by filling the
entire data “payload” portion of a frame with a pattern which
1s used by the recerver to determine where the frame’s bound-
ary 1s located. In this manner, a random search for a particular
frame’s boundary 1s avoided. Alternatively, only a portion of
the data payload can be filled with the pattern.

The inventive frame format will now be discussed in
greater detail with reference to FIG. 2. Each frame 200 shown
in FIG. 2 corresponds to a fundamental unit of transmission
over the WAN link. Fach frame 200 1s also a fixed s1ze frame,
which 1s n octets long. If interleaving 1s utilized then I frames
are used to compose an “interleaved frame” 210. The inter-
leaving technique of the present mnvention rearranges the
order of the bytes 1n the interleaved frame and transmuits each
byte sequentially over a WAN link. However, there are no
special synchronization bits employed within the frame struc-
ture.

An exemplary frame 220 1s n bytes long and includes a
frame header 230, a data payload 240, and a block code 250,
as shown 1n FIG. 2. The header 230 1s two octets long. The
data payload 240 has a variable length which depends on the
s1ze of the block code. As noted above, the data payload 240
may contain a combination of partial or complete fixed-sized
ATM cells 242 and 244 and variable-size packets (the pack-
ets, which are not shown, may contain one or more com-
pressed ATM cells or some other data). The block code 2350
has a length which corresponds to a multiple of octets (e.g.
block coding length=2 t, t>0). Advantageously, Reed-So-
lomon coding check-bytes may be provided as the block code
250.

Reed-Solomon coding 1s discussed 1n detail 1n the article,
“The Application of Error Control to Communications”,
[EEE Communications Magazine, E. Berlecamp et al., vol.
25, no. 4, Apnl 1987, pages 44-57, which 1s icorporated
herein by reference.

The above-mentioned frame header 230 1s made up of a

number of fields. An exemplary frame header 260 includes
first through fourth fields 262,264, 266 and 268. The first field

262 contains the variable COUNT which defines the number
of complete ATM cells 1n a frame, including any partial ATM
cell which follows the complete ATM cells. The second field
264 contains the variable SIZE which defines the space within
the data payload that 1s allocated for a first partial ATM cell to
be contained therein. By way of example, the variable SIZE
may be set equal to the number of octets reserved for the first
partial ATM cell divided by four.

A third field 266 contains the variable FRAMENUM
which defines the frame number. Frame numbers may range
from 0-7 and repeat periodically.

Finally, a fourth field 268 contains a variable CODING
which defines aspects of the corresponding block code 250
based on the frame number. By way of example, i1 the value
of FRAMENUM is equal to zero, then the fourth field 268 (or
coding field) represents a suggested value of the number of
octets which are to be reserved for the block code 250. Advan-
tageously, the block code 250 may be generated 1n accor-
dance with Reed-Solomon Coding. If Reed-Solomon coding
1s employed then the coding field 268 represents a suggested
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value of the number of Reed-Solomon octets divided by two
that the transmitting interface should employ for its own
transmissions.

Reed-Solomon coding 1s implemented in the form of
check-bytes which are generated by a standard Reed-So-
lomon algorithm based on the size of the frame 1n bytes and
the number of check-bytes to be imncluded within the corre-
sponding frame.

If the receiving interface i1s not yet synchronized to its
receiving bit stream, the coding field 268 1s set to a predeter-
mined value (e.g. OxF). According to the present invention the
coding field 268 cannot assume a value of zero, which corre-
sponds to an 1nvalid value.

If the value of FRAMENUM 1is equal to 1, then the least
significant bit of the coding field 268 1s set to 1 to represent the
fact that an ATM cell header compression algorithm has been
activated. If the value of FRAMENUM 1s equal to 2 or 3, then
the coding field 269 may be set to zero.

If the value of FRAMENUM 1s greater than 3, then the
coding field 268 1s set to a number which 1s a function of the
number of block coding octets that the transmitting interface
should use for 1ts own transmissions starting with the next
frame numbered zero.

The rules for filling each frame’s data payload with ATM
cells and packets are described below.

If a previously transmitted frame contained a partial ATM
cell or packet at the end of its data payload, the data payload
of the current frame will begin with the remainder of that
ATM cell or packet as long as there 1s enough space 1n the data
payload. If there 1s not enough space 1n the data payload for
the partial ATM cell, then only a portion of that partial ATM
cell will be mncluded the current frame.

If there 1s enough space in the data payload for the entire
partial ATM cell, then the partial ATM cell will consume a
multiple of the value of SIZE. By way of example, the partial
ATM cell may consume four times the value of SIZE, when
the value of SIZE 1s greater than 0. However, the actual size of
the partial cell or packet may be up to three octets less than the
result of the expression, 4*SIZE, 1n which case the extra
octets may be filled with zeroes.

Thereason for the potential discrepancy between the actual
s1ze of a partial ATM cell or packet and the space which 1s
reserved for the same stems from the fact that the variable
SIZE reflects merely a portion of the space within a frame
which 1s reserved for the partial cell or packet. Because the
variable SIZE 1s expressed as a whole number, when 1t 1s
multiplied by a predetermined number, such as four, in order
to determine the total space within a frame which 1s reserved
for the partial cell or packet, the result may be larger than the
actual si1ze of the corresponding partial cell or packet.

Consider the following example. If the size of the data
payload 1s 30 octets and there are 21 octets of a partial ATM
cell or packet, then the partial ATM cell or packet will be
inserted in the beginning of the frame payload along with 3
octets of zeroes which 1s merely padding. In this case the
value of SIZE 1s will be 6.

If the size of the data payload 1s again 30 octets and there
are 40 octets of a partial ATM cell or packet to be included 1n
the data payload, then only 30 octets of the partial ATM cell or
packet will be inserted 1n the frame payload field. In this case,
the value of SIZE will be 8, and the remaining 10 octets of the
packet will be mserted in the next frame.

After the mitial partial cell or packet segment has been
included in the data payload, the data payload will be pro-
vided with a number of complete ATM cells equal to the value
of COUNT with one exception. If the last complete ATM cell
cannot be entirely contained 1n the data payload of the current
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frame, then only a portion thereof will be included 1n the data
payload of the current frame. The remainder of the ATM cell
will be included 1n the data payload of the next frame pro-
vided that there 1s enough space to accommodate the remain-
der.

After the complete ATM cells are included in the data
payload, a number of variable-size packets may be provided
therein. Each packet contains a length field which is 1-octet in
length followed by the packet’s contents. The value contained
in the length field includes the length of the length field 1tself.
For example, a packet having a length of 61 octets will begin
with a length field of 62. If the last packet cannot be entirely
contained in the data payload, then only 1ts 1nitial portion will
be 1ncluded therein. According to the present invention, the
length field of a partial packet specifies the length of the entire
packet.

If there are any octets left over in the data payload, then the
first such unused octet shall contain a zero. The remainder of
the octets, 11 any, shall be filled sequentially with the numbers
1, 1+1, 1+2, . . . , where 1 1s the octet number of the first such
octet 1 the payload (octets 1n the payload are implicitly
numbered 0, 1, . .. ).

Based on the above mentioned rules, 1t 1s possible for the
data payload of a frame to contain ATM cells only, packets
only, or a combination of both. In addition, an ATM cell or
packet may be split across more than two frames 11 either 1s
larger than the size of the data payload. Moreover, the data
payload size 1s unrelated to the size of an ATM cell or variable
s1ze packet. By way of example, the size of the data payload
can be as small as two bytes.

The above-described frame structure allows for the possi-
bility of dynamically changing the Reed-Solomon code size
by correspondingly changing the data payload size but keep-
ing the frame size constant. Such a scheme enhances the
eificient use of the available transmission bandwidth

Advantageously, 1 a receiving interface “loses” a frame,
due to, for example, excessive bit errors in the frame, the
variable SIZE can be used to rapidly determine an ATM cell
or packet boundary 1n the very next frame.

FIGS. 3-5 show examples of frames which are organized
according to the frame format of the present invention. Each
frame has a fixed length of 252 octets. In addition, the con-
tents of each frame 1s also shown 1n FIGS. 3-5. Although ATM
cells contain 53 octets, as noted above, FIGS. 3-5 show each
cell contaiming only 52 octets. The reason for this discrepancy
stems from the fact that when a cell 1s recerved by an interface,
one octet of the 5 octet header associated with that cell 1s
removed to detect errors within the header. The removal of the
octet occurs prior to the assembling of each frame of a com-
munication signal. In addition, each packet includes a packet
length field 1n their first octet which 1s not shown in FIGS. 3-5,
as discussed above.

FIG. 3 shows a frame 300 formed 1n accordance with the
present invention which includes a frame header 310, a data
payload 320 and a block code 330. The frame header 310
includes a first field 312 which contains a variable COUNT
having a value of 5, and a second field 314 which contains a
variable SIZE having a value of 0. The frame header 310 also
includes a third field 316 which contains a variable CODING
having a value of 10, and a fourth field 318 which contains a
variable FRAMENUM having a value of 4.

Given that the value of the variable COUNT 1s 3, there are
5 ATM cells 322-326 included within the data payload 320.
Because the value of the vaniable SIZE 1s 0, the data payload
320 does not contain a partial ATM cell which precedes the 5
ATM cells 322-325 included therein. Accordingly, there are

at least 4 complete ATM cells contained 1n the data payload
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320. In addition, because the frame header 310 occupies 2
octets and the block code 330 occupies 20 octets, as deter-
mined by the value of the varniable CODING, (which 1n this
case 1s 10) 1t 1s clear that a partial ATM cell 326 must also be
included in the data payload 320.

The reason for this stems from the fact that there are 22
octets used for the frame header 310 and the block code 330,
alone, leaving 230 octets for the data payload 320. With four
complete ATM cells 322-325 occupying the data payload
320, at 32 octets a piece, only 22 octets are left in the data
payload 320 for the remaining ATM cell. Therefore, only a
partial ATM cell 326 can be included 1n the current frame 300.
The remaining 30 octets must be included in the next frame,
as shown 1n FIG. 4.

FIG. 4 shows a frame 400 formed 1n accordance with the
present invention which includes a frame header 410, a data

payload 420 and a block code 430. The frame header 410
includes a first field 412 which contains a variable COUNT
having a value of 1, and a second field 414 which contains a
variable SIZE having a value of 8. The frame header 410 also
includes a third field 416 which contains a variable CODING
having a value of 10, and a fourth field 418 which contains a
variable FRAMENUM having a value of 5.

Because the variable SIZE has a value of 8, there are 32
octets which have been reserved for the initial partial cell 422
in the data payload 420. As the initial partial cell 422 only
requires 30 octets, 2 additional octets of padding 423 are
included 1n the data payload 420. With 22 octets being used
tor the frame header 410 and the block code 430 and 32 octets
being used for the initial partial ATM cell, there are still 198
octets remaining 1n the data payload 420 of the frame 400. As
the value of COUNT 1s 1, there 1s at least one complete ATM
cell 424 included 1n the data payload 420 of the frame 400.

The remaining 198 octets of the data payload 420 are
occupied by a complete packet 425 and a partial packet 426.
The complete packet 425 occupies 13 octets of the data pay-
load, while the partial packet 426 occupies the remaining 133
octets of the fifth frame’s data payload. The next frame shown
in FIG. §, includes the remainder of the second packet which
includes the partial packet 426.

FIG. 5 shows a frame 500 formed 1n accordance with the
present invention which includes a frame header 510, a data

payload 520 and a block code 530. The frame header 510
includes a first field 512 which contains a variable COUNT
having a value of 1, and a second field 514 which contains a
variable SIZE having a value of 7. The frame header 510 also
includes a third field 516 which contains a variable CODING
having a value of 10, and a fourth field 518 which contains a
variable FRAMENUM having a value of 6.

As the value of SIZE 1s 7, there are 28 octets reserved for a
partial packet 522 which along with the partial packet 426
(shown 1n FIG. 4) comprises the second packet shown in FIG.
4. However, because the partial packet 522 only occupies 25
octets, three octets of padding 523 are included 1n the data
payload 520 of the sixth frame. Because the value of COUNT
1s one, there 1s an ATM cell 524 included 1n the sixth frame.
This ATM cell 524 1s also a complete ATM cell because only
50 octets of the frame 500 are emploved for the frame header
510, block code 530 and the remainder of the second packet.

There 1s one 39 octet packet 525 which also occupies the
data payload 520 of the sixth frame, leaving 91 octets remain-
ing. According to the present mvention the remaining 91
octets are used for the synchronization pattern 526 described
above. However, the first octet 527 of the left over portion of
the data payload 520 has a value of zero to delineate between
the end of the packet and the beginning of the synchromization
pattern 526. Each byte position of the remainder of the left
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over portion of the data payload 520 stores a number which
corresponds to the byte position.

As shown 1n FIG. 5, the first byte position of the synchro-
nization pattern, which corresponds to the one-hundred and
fortieth byte position of the data payload, stores a value of
zero. The second byte position of the synchronization pattern,
which corresponds to the one hundred and forty-first byte
position of the data payload, stores a value of 140. The third
byte position of the synchronization pattern, which corre-
sponds to the one hundred and forty-second byte position of
the data payload, stores a value of 141.

The value stored 1n each subsequent byte position of the
data payload increases sequentially up to and including the
last or two hundred and thirtieth byte position of the data
payload. Therefore, the two hundred and thirtieth byte posi-
tion of the data payload would store a value of 229.

The reason for the discrepancy between the byte position
number and the value stored therein, stems from the fact that
the first byte position would store a value of zero 11 there were
no partial or complete ATM cells or packets included in the
data payload while the value stored in the two hundred and
thirtieth position would be 229.

As noted above, if there are no partial or complete ATM
cells or packets included 1n a particular cell, then the data
payload can be filled entirely with the synchronization pat-
tern. The advantage of using the synchronization pattern of
the present mnvention stems from the fact that 1t 1s very easy to
determine where the boundary of a particular frame lies for
frame synchronization once the value stored at a particular
byte position 1s ascertained.

As noted above, the present invention also encompasses an
interleaving scheme. This scheme 1s used to correct long error
bursts by spreading error bursts across multiple frames so that
the block coding which 1s employed for error correction can
provide error iree frames with greater frequency.

The present invention also encompasses a “convolutional™
interleaving scheme which provides better delay perfor-
mance, as compared to alternate interleaving schemes.

According to the present invention, interleaving may be
accomplished 1n the manner shown 1n FIG. 6, in which two
memory buifers 600 and 610 store a group of individual
frames which are used to produce an interleaved frame for
transmission to a receiving interface. At any given time, a
group of individual frames I are collected into the butter 600
while data from the other buffer 610 1s being transmitted.
However, the buller roles are exchanged at the end of each
transmission.

At the transmitting interface, the bytes of I frames are
written into the bufter 600 1n “row” order, as shown in FIG. 6,
while the bytes stored 1n the other butfer 610 are read out in
“column” order. The receiving interface has a similar arrange-
ment of dual butfers (not shown). However, the process 1s
reversed 1n the receiving interface. Specifically, bytes of the
received frames are written mto one buller (not shown) in
“column” order, while bytes of the other buffer (not shown)
are read 1n “row” order.

The net effect of the interleaving scheme 1s that a burst of
errors, which affects a communication signal as it propagates
over a transmission link, 1s spread across multiple frames. For
example, 1f there are eight frames included within an inter-
leaved frame, then an error burst of 80 octets will affect only
10 octets 1n each frame. Advantageously, the block code (e.g.
Reed-Solomon coding) of each frame 1s capable of correcting
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the 10 octets of the frame containing errors. As a result, all of
the octets including errors can be corrected.

Without the atorementioned interleaving scheme, the error
burst would affect all 80 octets included within a single frame
(or perhaps spread across 2 frames). Therefore, many octets
with errors would be beyond the capability of the block code
to correct. This 1s also the case with a Reed-Solomon error-
correcting algorithm.

One of the disadvantages of the alorementioned interleav-

ing scheme 1s that each byte experiences an end-to-end trans-
mission delay equivalent to the transmission time of 2%*]
frames, with I being the number of individual frames included
in an interleaved frame. In addition, the above-mentioned
interleaving scheme 1s both costly and complex because dual
builers are used to perform the interleaving operation.
In accordance with the present invention, a second inter-
leaving scheme may be employed which has the same prop-
erties of error-spreading as the first interleaving scheme.
However, the second interleaving scheme merely requires a
single buifer to implement. In addition, the second interleav-
ing scheme reduces by half the end-to-end delay experienced
by each byte.

FI1G. 7 shows a single buffer 700 which is capable of storing,
I frames 1n order to produce of an interleaved frame. The
buffer 700 1s used to implement the second interleaving
scheme of the present invention, by which data 1s written and
read from the butlfer 700 one byte at a time 1n an alternating
tashion. In particular, data 1s written 1n “row” order and read
in “‘column” order.

A first-n/first-out (FIFO) butler (not shown) may be pro-
vided to facilitate the writing of data, 11 the arrival of the data
1s not synchronous with the transmission link rate.

Initially, the read and write pointers are both 1mitialized to
point to the first byte of the first frame. The interleaving
operation then completes a read operation, followed by a
write operation. The interleaving operation continues in an
alternating fashion thereatter.

A similar operation 1s employed when deinterleaving an
interleaved frame at the recerving interface, with the output of
the transmitting interface being exactly the same as the input
of the recerving interface. However, the deinterleaving opera-
tion begins by performing a write operation, which 1s then
followed by a read operation. This 1s continued 1n an alter-
nating fashion. In other words, the data received over the link
1s first written to a butier (not shown) in “column” order and
then read out 1n “row” order. When the deinterleaving opera-
tion 1s performed, a burst error of H octets will affect only a
number of octets of I different frames equal to H/I.

Regarding the delay which 1s experienced by the transmit-
ted data, 1t can be shown that different bytes of data experi-
ence different delays during the interleaving and deinterleav-
ing operations. However, the sum of the two delays for any
byte 1s always equal to the total transmission time T of each of
I individual frames. That 1s, the end-to-end delay time 1s half
that which 1s incurred by employing the first interleaving
scheme (e.g. one half of the frame transmission time of 2*I
frames).

An example of the second interleaving scheme 1s described
below 1n connection with a small interleaved frame (shown in
Table 1) which 1s interleaved to a depth of three frames, with
cach frame containing three bytes.
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TABLE 1
BYTE NUMBER
FRAME 1 2 3
A Al A2 A3
B Bl B2 B3
C C: C2 C3

Table 2 below shows the progression of data according to
the second interleaving scheme. In particular, Table 2 shows
the progression of data into and out of a first buffer (included
in a transmitting 1nterface), which 1s employed 1n the inter-
leaving operation. Table 2 also shows the progression of the
data into and out of a second butler (included 1n a receiving
interface), which 1s employed 1n the deinterleaving operation
of the present imnvention. As noted above, by using a single
butiler for each of the interleaving and deinterleaving opera-
tions, a substantial reduction 1n the delay experienced by the
transmitted data can be achieved.

10
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write phase of the fourth byte time cycle, the WRITE pointer
has advanced to the first byte position B1 of the second frame
B where DATA-5 will be written.

The process of reading in columns and writing 1n rows
produces the results shown 1n Table 2 for the first through
ninth byte time cycles. During this first buller cycle a first pass
through the builer corresponding to the interleaving opera-
tion 1s completed. At the conclusion of the first buifer cycle,
nine bytes DATA-1 through DATA-9 have been written nto
the bufler corresponding to the interleaving process, while
only three bytes, DATA-2, DATA-3 and DATA-6 have been
read out of that builer.

That which 1s read during the interleaving operation, as
shown 1n the Interleave READ Column of TABLE 2, 1s ulti-
mately transmitted to the receiving interface where the
deinterleaving operation 1s performed. During the deinter-
leaving operation, the bytes which are recerved from the
transmitting intertace are written into the buifer correspond-

ing to the deinterleaving operation, as shown 1n the Deinter-
leave WRITE Column of TABLE 2.

TABLE 2
Interleave Deinterleave
BYTE READ Write Write Read
TIME  (Column) (Row) (Column) (Row)
1 Al = Al = DATA-1 Al = Al=0
2 Bl =0 A2 = DATA-2 Bl1=0 A2 =0
3 Cl=0 A3 = DATA-3 Cl=0 A3 =0
4 A2 = DATA-2? Bl = DATA-4 A2 =DATA-2 Bl1=20
S B2 =0 B2 = DATA-S B2=0 B2=0
6 C2=0 B3 = DATA-6 C2=0 B3=0
7 A3 = DATA-3 Cl = DATA-7 A3 =DATA-3 Cl=0
8 B3 = DATA-6 C2 = DATA-¥ B3 = DATA-6 C2=0
9 C3=0 C3 =DATA-9 C3=0 C3=0
10 Al = DATA-1 Al = DATA-10 Al = DATA-1 Al = DATA-1
11 Bl = DATA-4 A2 = DATA-11 Bl = DATA-4 A2 = DATA-2
12 Cl = DATA-7 A3 = DATA-12 Cl = DATA-7 A3 = DATA-3
13 A2 =DATA-11 Bl = DATA-13 A2 =DATA-11 Bl = DATA-4
14 B2 = DATA-5 B2 = DATA-14 B2 = DATA-5 B2 = DATA-5
15 C2 = DATA-R B3 = DATA-15 C2 = DATA-R B3 = DATA-6
16 A3 = DATA-12 Cl =DAITA-16 A3 =DATA-12 Cl = DATA-7
17 B3 = DATA-15 C2 =DAITA-17 B3 = DATA-15 C2 = DATA-R
18 C3 = DATA-9 C3 =DATA-18 C3 = DATA-9 C3 = DATA-9
Prior to the first byte time cycle (BYTE TIME 1) of the The results of the deinterleaving operation for the first

interleaving operation, the contents of the buffer 1n the trans-
mitting interface and the buffer 1n receving interface are
initialized to zero and the pointers for the read and write
functions 1n both butlers are pointed to the first byte position
of frame A (1.e. Al).

During the read phase of the first byte time cycle of the
interleaving operation, a READ operation 1s mitially per-
tformed. Next, a WRITE operation 1s carried out during the
write phase of the first byte cycle so that the byte DATA-1 1s
written 1nto the first byte position Al of the first frame A (1.¢.
A1=DATA-1).

This process continues for the second and third byte time
cycles. However, during the read phase of the second and
third byte time cycles, only zeros are read from the builer
because each byte of the buifer was mitialized to zero. During
the write phase of the second byte time cycle, the byte
DATA-2 1s written into the second byte position A2 of the first
frame. Similarly, during the write phase of the third byte time
cycle, the byte DATA-3 1s written into the third byte position
A3 of the first frame A.

During the read phase of the fourth byte time cycle, the
READ pointer has advanced to the second byte position A2 of
the first frame A where the byte DATA-2 1s stored. During the

45

50

55

60

65

butler cycle shows the same three data bytes which were read
into buffer corresponding to the interleaving operation being
written mto the buller corresponding to the deinterleaving
operation. However, during the first buller cycle, none of the
bytes, DATA-1 through DATA-9, appear at the output of the
butler correspondmg to the deinterleaving operation. The
reason 1s thatnone of the bytes, DATA-1 through DATA-9, are
written 1into a predetermined portion of the butfer correspond-
ing to the deinterleaving operation prior to the contents of that
portion being read (the Deinterleaver Read Row contains all
ZEroes).

During the second buffer cycle, the bytes, DATA-10
through DATA-18, are written into the bulfer corresponding
to the interleaving operation, while the bytes, DATA-1
through DATA-9, are being read from the bulfer correspond-
ing to the deinterleaving function. Significantly, all of the data
bytes that were written into the buffer corresponding to the
interleaving function during the first buifer cycle were read
out of the deinterleave butler in the proper order 1n the second
butfer cycle.

The delay that each byte experiences in each builer varies,
but the sun 1s always equal to the frame duration, 1n byte time
cycles, times the depth of the interleaved. In the above
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example, the frame duration 1s 3 byte time cycles and depth of
interleaved frame 1s three individual frames, for a total delay
of 9 byte time cycles.

Consider an individual byte, such as DATA-1. According to
TABLE 2, the byte, DATA-1, was held in the buifer corre-

sponding to the mterleaving operation for 9 byte time cycles

and for 0 byte times (WRITTEN and READ 1n the same byte
cycle) in the buffer corresponding to the deinterleaving opera-
tion. Similarly, the byte, DATA-2, was held i the bufler

corresponding to the interleaving operation for 2 byte time
cycles and in the builer corresponding to the deinterleaving
operation for 7 byte time cycles for a total of nine byte time

cycles.
The interleaving schemes of the present imnvention may be

implemented as a computer algorithm and run on a computer

Processor.

An exemplary method of assembling frames according to
the present invention 1s described below in connection with
the flow chart depicted 1n FIGS. 8A and 8B. Each frame 1s
structured 1n the manner described above.

Initially, 1mn step 800, the variable, CURRENT INDI-
VIDUAL FRAME NUMBER, is set equal to zero. In step
805, the variable, MAXIM FRAME NUMBER, 1s set equal
to a predetermined value, MAX.

In step 810, the variable, CURRENT INDIVIDUAL
INTERLEAVED FRAME NUMBER, 1s set equal to zero. In
step 820, the vaniable, INTERLEAVED FRAME LENGTH,
1s set equal to a predetermined value, IFL, which represents
the number of individual frames 1n an interleaved frame.

Thereatfter, 1n step 825, the data payload of a current 1ndi-
vidual frame having the CURRENT INDIVIDUAL FRAME
NUMBER 1s assembled. In step 830, the block code of the
current frame 1s generated. In step 833, a frame header 1s
provided for the current frame. The data payload,, block code
and format header are then combined to form a frame 1n step
840.

If the current individual frame 1s being included within an
interleaved frame, as determined 1n step 845, then the current
individual frame 1s assigned a correspondmg CURRENT
INDIVIDUAL INTERLEAVED FRAME NUMBER 1n step
847. Subsequently, the current individual frame 1s stored 1n
step 850. Thereatter, it 1s determined 1n step 855 whether the
CURRENT INDIVIDUAL INTERLEAVED FRAME
NUMBER of the current individual frame 1s equal to IFL,
which 1s the INTERLEAVED FRAME LENGTH.

If the CURRENT INTERLEAVED FRAME NUMBER 1s
notequal to IFL, thenthe CURRENT INDIVIDUAL INTER-
LEAVED FRAME NUMBER is incremented in step 860.

If the CURRENT INDIVIDUAL INTERLEAVED
FRAME NUMBER corresponding to the current individual
frame 1s equal to IFL, then 1n step 865, each of the IFL stored
frames (numbering IFL) are interleaved in the manner dis-
cussed above. In step 870, the interleaved frame 1s transmit-
ted, while the CURRENT INDIVIDUAL INTERLEAVED
FRAME NUMBER 1s set to zero 1n step 875.

If the current individual frame 1s not to be included 1n an
interleaved frame, as determined 1n step 845, then the current
individual frame 1s transmitted 1n step 880.

In step 885, which follows, either of steps 860, 875 and
880, it 1s determined whether the CURRENT INDIVIDUAL
FRAME NUMBER 1s equal to MAX. If the CURRENT
INDIVIDUAL FRAME NUMBER 1s not equal to MAX,
then the CURRENT INDIVIDUAL FRAME NUMBER 1s
incremented in step 890. However, 11 the CURRENT INDI-
VIDUAL FRAME NUMBER 1s equal to MAX, then the
CURRENT INDIVIDUAL FRAME NUMBER 1s set equal
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to zero 1n step 895. Following either of steps 890 and 895, step
825 1s performed for the next frame.

FIG. 8C shows a modification of the flow chart shown 1n
FIG. 8B, which depicts another aspect of the inventive
method of assembling frames. In particular, the flow chart 1s
applicable 1n the case where “convolutional” interleaving 1s
employed. Steps 845, 880, 885, 890 and 895 are similar to
those shown 1n FIG. 8B. Accordingly, no additional descrip-
tion of those steps are provided.

If 1t 1s determined 1n step 845 that the current individual
frame 1s included 1n an interleaved frame, then 1n step 846 the
current 1ndividual frame i1s interleaved in the manner
described above 1n connection with the “convolutional™ inter-
leaving operation of the present invention. Subsequently, the
current individual frame 1s transmitted in step 880.

IT 1t 1s determined in step 845 that the current individual
frame 1s not included in an interleaved frame then the current
individual frame 1s transmitted in step 880. The flow chart of
FIG. 8C 1s simpler than the flow chart of FIG. 8B, because all
ol the individual frames which are included 1n an 1nterleaved
frame need not be stored prior to the transmission of the
interleaved frame.

A method of disassembling frames according to the present
invention 1s described below 1n connection with the flow chart
depicted 1n FIGS. 9A and 9B.

A frame 1s received 1n step 900. Subsequently, 1t 1s deter-
mined 1n step 905 whether the recetved frame 1s an inter-
leaved frame. If the received frame 1s an interleaved frame,
then the wvariable, INTERLEAVED FRAME LENGTH,
which represents the length of the interleaved frame 1n 1ndi-
vidual frames, 1s set equal to a predetermined value, IFL, in
step 910. Subsequently, the interleaved frame 1s deinterleaved
in step 915 1n order to provide imndividual frames which are
stored 1n step 917 (1n a bulfer, for example). The vanable,
CURRENT DEINTERLEAVED FRAME NUMBER, 1s then
set equal to zero 1n step 920.

It the received frame 1s not an interleaved frame, as deter-
mined in step 905, then the variable, INTERLEAVED

FRAME LENGTH, 1s set equal to zero in step 925.

In step 930, the block code of the current individual frame,
which may have been part of an interleaved frame, 1s decoded
based on information included 1n the frame header of the
current individual frame. Thereafter, the current individual
frame 1s corrected based on information contained in the
block code 1n step 935. In step 940, components of the data
payload (e.g. partial or complete ATM cells or packets) are
extracted from the frame based on information contained in
the frame header of the frame.

Thereatter, in step 943, it 1s determined whether the vari-

able, INTERLEAVED FRAME LENGTH, has a value of
zero. It the variable, INTERLEAVED FRAME LENGTH,
does not have a value of zero, then the current individual

frame 1s a deinterleaved individual frame. Accordingly, 1n
step 950 1t 1s determined whether the CURRENT DEINTER -

LEAVED FRAME NUMBER 1s equal to IFL. If it 1s deter-
mined that the CURRENT DEINTERLEAVED FRAME
NUMBER 1is not equal to IFL then the value of the vanable,
CURRENT DEINTERLEAVED FRAME NUMBER, is
incremented by one 1n step 955.

In step 957, the next deinterleaved frame corresponding to
the CURRENT DEINTERLEAVED FRAME NUMBER 1s
read (from the bulfer for example). Thereatfter, step 930 1s
performed for the next de-interleaved frame having the cor-
responding CURRENT DEINTERLEAVED FRAME NUM -
BER.

If the variable, INTERLEAVED FRAME LENGTH, has a

value of zero or the wvariable, CURRENT DFINTER-
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LEAVED FRAME NUMBER, has a value equal to IFL, then
the next frame 1s recerved 1n step 960. Following step 960,
step 903 1s repeated for the next frame.

FIG. 9C depicts an alternative method of disassembling,
frames according to the present invention which incorporates
“convolutional” deinterleaving. However, the method
includes steps which are similar to those of the method
described in connection with the tlow chart depicted 1n FIGS.
9A and 9B. In particular, steps 900, 905, 930, 935 and 940,
shown 1 FIG. 9C are similar to the corresponding steps
shown 1n FIGS. 9A and 9B. Accordingly, there 1s no addi-
tional description provided for those steps.

In step 903, 11 1t 1s determined that the recerved frame 1s an
interleaved frame, then 1n step 907, the received frame 1s
deinterleaved in the manner described above in connection
with the “convolutional” deinterleaving operation of the
present mvention Thereatfter, step 930 1s performed in the
manner described above.

If 1t 1s determined that the received frame 1s not an inter-
leaved frame, then step 930 1s performed without the deinter-
leaving step 907.

Following step 940, the next frame 1s received 1n step 947.
Thereatter, step 905 1s performed in the manner described
above.

Advantageously, the “convolutional” deinterleaving
operation of the present invention does not require that the
entire iterleaved frame be stored prior to the transmission of
the same.

The architecture of an exemplary apparatus embodying the
present invention 1s discussed below in connection with FIG.
10.

A DSE/E3 Line Interface 1000 receives mput data includ-
ing ATM cells from an ATM switch (not shown). However,
another line 1interface may be used to accommodate alterna-
tive standards. The ATM cell processor 1010 receives the
ATM cells from the intertace 1000.

The ATM cell processor 1010 extracts a portion of any
ATM cell received 1n order to determine whether errors are
present within the header of the ATM cell. The ATM Cell
Processor 1010 then outputs the remainder of any ATM cell
(without 1ts error correction portion) to a RAM Buifer 1020
under the control of a Microprocessor 1015 which 1s
employed as the frame assembler of the present invention. A
RAM 1017 1s provided for the Microprocessor 1015.

The Microprocessor 1015 forms frames in the manner
described above. However, the data payload of each frame 1s
stored in the RAM Butfer 1020. In addition, the Micropro-
cessor 1015 appends a frame header to the data payload of
cach frame. The data payload may also include packets of
compressed ATM cells.

Subsequently, the frame header and the data payload of
cach frame are output from the RAM butler 1020 to a Reed-
Solomon Encoder 1030. The Reed-Solomon Encoder 1030
appends a number of check-bytes to each frame for error
correction of the frame at a recerving apparatus.

An Interleaver RAM 1040 receives the output of the Reed-
Solomon Encoder 1030 under the control of the Micropro-
cessor 1015 1n order to form an interleaved frame in the
manner described above. Following the interleaving process,
the interleaved frame 1s output by the Interleaver RAM 1040
to a Serial Interface 1050 for transmission to a receiving
apparatus over a WAN via a modem, for example.

Although components of an exemplary apparatus embody-
ing the present mnvention have been described 1n connection
with the assembly of frames of data, the apparatus 1s also
provided with components which are employed for the dis-
assembly of those frames.
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In particular, the inventive apparatus 1s provided with a
Deinterleaver RAM 1060, which 1s used to deinterleave an
interleaved frame. The deinterleaving operation occurs under
the control of the Microprocessor 1015. Once an interleaved
frame has been deinterleaved to provide individual frames,
cach individual frames 1s sent to a Reed-Solomon Decoder
1070, which removes the Reed-Solomon check-bytes and
corrects any bit errors of the frame. However, 11 the Reed-
Solomon Decoder 1070 1s unable to correct the frame, then all
the data 1n the frame 1s discarded.

Subsequently, each of the corrected frames are output by
the Reed-Solomon Decoder 1070 to a RAM Butfer 1080. The
Microprocessor 1015, which 1s also employed as a disassem-
bler of the present mvention, disassembles each corrected
frame output by the Reed-Solomon Decoder 1070 and sepa-
rates the data payload of each frame 1nto 1ts individual com-
ponents (e.g. AITM cells and/or packets) 1n accordance with
information provided 1n the frame header of the frame. How-
ever, any packets included within a frame should be decom-

pressed mto ATM cells before any additional processing 1s
carried out.

The ATM cells are then output to the ATM Cell Processor
1010 which appends error correction information to the
header of each ATM cell. Thereatter, the ATM cells are output
to the Line Interface 1000 from the ATM Cell Processor 1010.
The Line Interface 1000 outputs the ATM cells to an ATM
switch (not shown).

FIG. 11A 1s ahigh level description of a frame relay system
that performs frame relay processing to efficiently carry
frame relay packets over wireless/satellite links. This system
can perform the following;:

Frame Relay processing at the Physical Layer and the Data

Link Layer

Formatting of Data (variable length packets, segmentation

and reassembly, resequencing)

Dynamic Forward Error Coding

Interleaving of frames (to spread the eflect of burst errors)

Per-VC data compression

Prioritization and Scheduling

Header Compression

In the high level description of the various functions per-
formed 1n the system seen 1n FIG. 11A, to the left of the
diagram 1s the private/public frame relay network and to the
right 1s the satellite/wireless link.

The illustrated system uses a robust, flexible frame format
between the 2 communicating terminals which allows the
transport of several variable sized Spackets (segmented pack-
ets) 1n a frame and also to carry a single Spacket over several
frames, whichever the case might be. Also, the frame format
allows fast synchronization and the exchange of coding infor-
mation. Fach frame contains Reed-Solomon check bytes that
are used for error correction and to enhance the quality of the
satellite/wireless link. The number of RS check bytes 1 a
frame can be changed on the fly, without any loss of data, to
compensate for varying link conditions. The decision to
change the RS check bytes 1n a frame 1s based on the constant
monitoring of the link quality. Several frames are also inter-
leaved before transmission over the satellite/wireless link, to
help spread the effect of burst errors over several frames, all of
which can then be corrected by the FEC 1n the frames. Also,
Virtual Channels (VCs) can be configured to be enabled for
data compression, which means that the Spackets belonging
to the VC are to be passed through a data compressor/decom-
pressor combination to save bandwidth. VCs can also 1s be
configured to be eirther high or low priority VCs and the
scheduler then, uses this information to fairly transmit the
various Spackets over the satellite/wireless link.
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In operation, a private or public frame relay network pro-
vides the frame relay packets to the frame relay physical and
data link layer processing block 2000, where they are
received and processed as specified 1n I'TU recommendation
Q.922 (Link Access Procedures for Frame Relay). The physi-
cal layer processing 1s similar to the processing of any HDLC

data stream. This 1s the processing performed in most Frame
Relay Access Devices (FRADs).

A frame relay packet received from the terrestrial network
consists of payload data and a CRC field, and flags at the
beginning and the end of the frame. The frame relay process-
ing removes the tlags and the CRC fields and transports only
the payload section of the frame relay packet over the satellite
link. The CRC and the flag information 1s regenerated at the
receiving terminal and added to the packet before it 1s trans-
mitted to the receive side terrestrial network.

In priontizer/ VC 1dentifier/Segmentation processor 2100,
the varniable length frame relay packets are segmented 1nto

several smaller packets called Spackets. The Spackets allow
ellicient scheduling of packets belonging to multiple priori-
ties and lossless data compression. FIG. 11B illustrates the
various fields 1n a Spacket, whose content provides for effi-
cient processing of the Spackets, as subsequently described.

In order to avoid an intolerable delay of high priority pack-
ets (e.g., audio and video) due to processing and transmission
of low prionty packets, Spackets belonging to a high priority
packet could be transierred after a single Spacket from a low
priority packet has been transferred, thus minimizing the
delay variance that the high priority packet experiences. This
technique minimizes the delay variance significantly and the
satellite/wireless network performance is better than terres-
trial networks, as far as delay vanance 1s concerned. Thus,
when each frame relay packet 1s segmented into one or more
Spackets, all but the last Spacket are n bytes long. The last
Spacket could also be n bytes long 11 the frame relay packet,
to begin with, was of a length which was an integral multiple
of n. A Spacket 1s then prepended with a header as shown 1n
FIG. 6B that contains a Virtual Channel (VC) Identifier for the
channel to which the packet belongs. Also, the header is
supplied with the packet and the sequence numbers. The
packet number increments for each new frame relay packet.
The sequence number increments for each Spacket within the
frame relay packet. Information about the priority of the
packets and whether or not the packets are compressed 1s
maintained locally. All this information 1s used to perform
segmentation/reassembly, data compression/decompression,
prioritization and scheduling. The “last field” indicates
whether or not the Spacket 1s the last Spacket for the frame
relay packet. I 1t 1s, then at the receiving terminal, the frame
relay packet can be reassembled and transmitted over the
terrestrial link.

The sizes of the various fields can be left to the discretion of
the system designer. The VC 1d field would either be the size
of the entire VC field 1n the frame relay packet or could be the
s1ze specified 1n the header compression parameters. The size
of the Packet number and Sequence number are also left to the
system designer. The “last field” 1s a single bit. The si1ze of the
payload 1s determined by a trade-oil between the overheads
and the performance of the system. It the payload size 1s very
low, the overheads will be very high, but the delay variance
performance of the system will be very good. 11 the payload
s1ze 1s set to a large value, then the delay vanance perfor-
mance will be poorer but the overheads will be lower. Hence,
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the sizes would depend on the overheads the designer 1s
prepared to allow, and the performance specifications of the
system.

Next, queues of Spackets belonging to different VCs are
stored for use by the scheduler in Per-VC or priority queues
2201 and 2202. In the case of a priority queue, high priority
queues 2201 and low priority queues 2201 are maintained and
the cells 1n each priority queue are transmitted on a FIFO
basis. A more preferable mode of queuing is to have a queue
for each VC, which 1s designated to have a high or low
priority, and then store the cells belonging to each VC 1n its
corresponding queue. Cells 1n these per-VC queues are also
transmitted on a FIFO basis to preserve sequence integrity.

A scheduler 2300 sends Spackets belonging to various
priorities or VCs over the satellite link. The scheduler 1s
designed to be fair to VCs within a priority and between
priorities as well. If the Spacket 1s to be compressed then 1t 1s
sent to the Data Compressor 2400. The scheduler 2300 uses
all the priority information for the various VCs and tries to be
fair in the scheduling of the Spackets. A simple scheduling
algorithm 1s to process all the high priority per-VC queues on
a round-robin basis and then to process all the low priority
per-VC queues on a round-robin basis. Another option for the
scheduler would be to transmit at least one low priority cell
every “n” high priority cells. This could assure some degree of
fairness between priorities. A further option would be, within
a priority, to use a weighted round-robin scheduling algo-
rithm to transmit cells from per-VC queues, the weights
reflecting the bandwidths that the VCs have subscribed for.

This scheduling algorithm will attempt to schedule different
V(s fairly.

Spackets which belong to a VC which has been specified to
be compressed are compressed in data compressor 2400. To
achieve loss-less data compression, the compression and
decompression histories are reset every a Spackets, wheren 1s
a configurable parameter. With the FEC, the link 1s main-
tamned ata very low BER. If a Spacket does get corrupted, then
the resetting of the histories, will ensure that not more than n
Spackets are atlected.

Finally, the compressed or uncompressed Spackets are pro-
vided to a satellite/wireless frame processor 2501, which
incorporates the Spackets into a frame for transmission over
the satellite/wireless link. This frame structure has been
designed to facilitate fast frame synchronization, accommo-
dation of several variable-size packets, fast recovery from lost
frames, very low bandwidth overhead, as well as dynamic
Reed-Solomon coding change without introducing data loss
during the coding rate change transition. FIG. 11C shows the
frame format.

The fundamental unmit of transmission over the satellite/
wireless link 1s a fixed size frame, which 1s n octets long. If an
interleaving depth of I1s used, then I such frames are used to
compose an “interleaver frame”. The 1nterleaver rearranges
the order of the bytes in the interleaver frame and transmits
cach byte sequentially over the satellite/wireless link. It
should be noted that there are no special synchronization bits
in this frame structure.

Each frame 1s n bytes long and consists of:

a 2-octet header

followed by the frame payload, and

terminated by 2 t octets (t>0) of Reed-Solomon coding

check bytes 1n the end.
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TABLE 1

CountO Number of Spackets in frame.

Does not include the first Spacket, if any

Includes the last Spacket, 1f any
S1zeO Size of first partial Spacket in frame divided by 4.
FrameNum  The frame number

Each frame 1s sequentially numbered 0, 1,...,7,0, ...
Coding If FrameNum > 3, the coding field represents the number of Reed-Solomon

octets/2 that will be used starting with the next frame numbered 0. Note that O

1s an invalid value for the coding field.

If FrameNum == 0, the coding field represents the suggested value of the
number of Reed-Solomon octets/2 that the other side should use for its own
transmission. If the coding field value 1s OxF, the value implies that the
transmitting terminal is not yet synchronized to its receiving bit stream. Note

that O 1s an mnvalid value for the coding field.

If FrameNum == 1, the least significant bit of the coding field 1s 1 if Spacket
header compression 1s activated at the transmitting terminal, O otherwise.

Other bits of the field are reserved for future use.
If FrameNum is 2 or 3, the coding field shall be set to O’s.

The payload contains a combination of several variable-
s1ze packets (the packets may contain compressed or uncom-
pressed Spackets).

The rules for filling a forme payload with Spackets are as
follows:

1. If the previously transmitted frame contained a partial
Spacket at the end of the payload, the frame payload
currently being transmitted begins with the next portion
of that Spacket. This portion shall consume min
(4*s1ze0, payload_size) octets of the payload, where
s1ze0=0. The actual size of this partial Spacket may be up
to three octets less than 4*s1ze0, 1n which case the extra
octets shall be filled with zeroes.

2. After the mitial partial Spacket segment, the payload
contains count0 Spackets where countO0=0. If the last
Spacket cannot be entirely contained 1n the payload,
then only 1ts 1mitial portion 1s included 1n the payload.

Each Spacket 1s preceded by a 1-octet-length (1n octets)

field followed by the Spacket contents. The length field
contains the size of the Spacket in bytes.

3. If there are any octets left over 1n the payload, then the

first such unused octet shall contain a zero. The rest of

the octets, 1 any, shall be filled sequentially with the

numbers 1, 1+1, 1+2, . . . , where 1 1s the octet number of

the first such octet 1n the payload (octets 1n the payload
are implicitly numbered 0, 1, .. . ).

From these rules, one can see that a frame payload may
contain several Spackets and that the Spackets can be trans-
mitted over more than one frame. A frame with no Spackets
contains the sequence 0, 1, 2, . . . 1n the payload. A Spacket
may be split across more than two frames if required.

This frame structure design allows the possibility of

dynamically changing the Reed-Solomon code size by cor-
respondingly changing the payload size but keeping the frame
s1ze constant. If the receiver “loses™ a frame, for example, due
to excessive biterrors 1n the frame, the s1ze0 field allows rapid
determination of the Spacket boundary on the very next
frame. The frame header, shown 1n FIG. 11C, has four fields
which are described in Table 1, wherein the Reed-Solomon
check-bytes are the check-bytes generated by a standard
Reed-Solomon algorithm with frame size=N bytes and num-
ber of check bytes=2 t.

During the time that the system has not achieved receive
synchronization, it sets the Reed-Solomon code value of 1ts
receiver and its transmitter to the maximum value. After the
system achieves receive synchronization and 1t detects that
the remote terminal has also achieved receive synchroniza-
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tion (1.e., the coding field in the received frame header of
frame number O contains a valid code value), 1t activates an
adaptive coding algorithm.

Transmissions from the satellite/wireless network are
received and processed by a Satellite/ Wireless frame proces-
sor 2502, which performs the mverse operation of that per-
formed by the frame processor 2501, strips the Spackets from
the frame format and produces the compressed and un-com-
pressed Spackets.

Next, compressed Spackets are sent to Data Decompres-
sion module 2600, which decompresses the Spackets belong-
ing to a VC which has been configured to be compressed.
Compression and decompression histories are maintained 1n
the Data compressor 2400 and the decompressor 2600,
respectively. These histories are reset once every n Spackets,
where n 1s a configurable parameter. This 1s done to minimize
the effect that a lost or erroneous Spacket has on the following
Spackets.

A reassembly and resequencing processor 2700 keeps
track of Spackets belonging to all the VCs. The reassembly
algorithm works on aper-VC basis. The Spackets foreach VC
are resequenced based on the sequence and packet numbers.
The following rules are used to reassemble frame relay pack-
ets:

If a Spacket with a sequence number of zero 1s received,
discard any previous incompletely assembled frame
relay packet and start reassembling this new packet.

I a Spacket with the same packet number and VC Id, with
a sequence number one more than the previous Spacket
1s received, then append this Spacket to the partially
reassembled frame relay packet. If the “last field” indi-
cates that the Spacket 1s the last Spacket of a frame relay
packet, the frame relay packet has been completely
assembled.

If a Spacket with sequence number which 1s out of
sequence, and non-zero, 1s received, discard this new
Spacket and any partially reassembled frame relay
packet.

I the packet number of the Spacket recerved 1s not the same
as that of the previous Spacket and the sequence number
of the recerved Spacket 1s not zero, discard this new
Spacket and any partially reassembled frame relay
packet.

Optionally, a length field could be added to the frame relay
packet at the transmitting terminal before 1t 1s segmented and
transmitted over the satellite/wireless link. This length field
could be used at the receiving terminal to check 11 the frame
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relay packet has been reassembled properly. It 1t hasn’t then
the frame relay packet 1s added to the transmit queue

A transmit queue 2800 contains frame relay packets
received from the remote terminal which will be transmitted
over the terrestrial link. These packets are processed by the
frame relay physical and data link layer processing module
and transmitted over the terrestrial link.

Finally, the frame relay physical and data link layer pro-
cessing module 2000 will reassemble the Spackets 1n to the
appropriate frame relay configuration for transmission over
the private or public network.

In order to save bandwidth, a header compression tech-
nique, similar to that used for ATM transmissions as
described previously, may be used to compress the VC Id of a
frame relay packet into a smaller value. This technique uti-
lizes the fact that the number o1 Vs carried over the satellite/
wireless link 1s not very large and can be compressed to a
much smaller VC Id space. If header compression has been
enabled 1n the system, then the VCs are mapped into a new
value as specified by the si1ze of the compressed VC field. This
header compression information 1s periodically exchanged
between the communicating terminals. Also, every time a
new mapping 1s created, this information 1s asynchronously
exchanged between the terminals betfore the actual transter of
the mapped packet begins.

For each of an ISDN/SS#7 and Internet system, the
arrangement and operation would be substantially the same
as seen 1n FI1G. 11A, as would be apparent to one of ordinary
skill in the art. The primary difference would lie in the content
of element 2000, as the arrangement of the data on a private or
public network for ISDN/SS#7 will be different from that for
ATM, Internet and frame relay, as 1s well known. For
example, the ISDN implementation would need to have a
packetization/depacketization function added to the physical
and data link layer processing block 2000 of FIG. 11 A. More-
over, as among packet-based systems, since they each have
unique characteristics that would need to be matched to the
satellite/wireless link at the physical and data link layer pro-
cessing block, other differences would exist for receiving and
processing the data according to industry standards. By the
same token, the physical and data link layer processing mod-
ule 2000 will reassemble the information received from the
satellite/wireless link 1n to the approprniate ISDN/SS#7 or
Internet configuration for transmission over the private or
public network.

Although certain preferred embodiments of the present
invention have been described, the spirit and scope of the

invention 1s by no means restricted to that which 1s described
above.

The mvention claimed 1s:

1. A method for assembling a frame including packet-
formatted data according to a predetermined frame format for
transmission 1n a communication signal in a satellite system,
the method comprising:

receiving, at a transmitting terminal, a measured link qual-

ity from a receiving terminal;

selecting a code rate to be used according to the measured

link quality;

assembling a data payload for the frame having a first

variable size, the first variable size adapted according to
the selected code rate;

generating a block code used for error correction and hav-

ing a second variable size, the second variable size
adapted according to the selected code rate;

providing a frame header which defines aspects of the

frame;
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combining the data payload, the block code, and the frame
header to form the frame;

transmitting the frame from the transmitting terminal
directed to the receiving terminal via the satellite;

adaptively changing the selected code rate based on a
change 1n the measured link quality;

identifying a changed first variable size responsive to the
changed code rate; and

identitying a changed second variable size responsive to

the changed code rate, wherein a size of the frame
remains constant.

2. A gateway device for assembling a frame including
packet-formatted data according to a predetermined frame
format for transmission 1n a communication signal in a satel-
lite system, the gateway device comprising;:

a receiver configured to receive a measured link quality

from a receiving terminal;
a selector, communicatively coupled with the receiver, and
configured to select a code rate to be used according to
the measured link quality;
an encoder, communicatively coupled with the selector,
and configured to:
assemble a data payload for the frame having a first
variable size, the first variable size adapted according
to the selected code rate; and

generate a block code used for error correction and hav-
ing a second vanable size, the second variable size
adapted according to the selected code rate;

a frame assembler, communicatively coupled with the
encoder, and configured to:
provide a frame header which defines aspects of the

frame;
combine the data payload, the block code and the format
header to form a corresponding frame; and

a transmitter, communicatively coupled with the frame
assembler, and configured to transmit the assembled
frame to the receiving terminal,

wherein the selector 1s further configured to adaptively
change the selected code rate based on a change 1n the
measured link quality, and the encoder 1s further config-
ured to identify a changed first variable size and a
changed second varnable size responsive to the changed
code rate, wherein the changed first variable size and the
changed second variable size are 1dentified so that a size
of the frame remains constant.

3. A device for assembling a frame including packet-for-
matted data according to a predetermined {frame format for
transmission in a communication signal 1n a satellite system,
the device comprising;

means for recerving, at a transmitting terminal, a measured
link quality from a receiving terminal comprising a des-
tination for the frame;

means for selecting a code rate to be used according to the
measured link quality;

means for assembling a data payload for the frame having
a first variable size, the first variable size adapted accord-
ing to the selected code rate;

means for generating a block code used for error correction
and having a second variable size, the second variable
s1ize adapted according to the selected code rate;

means for providing a frame header which defines aspects
of the frame:

means for combining the data payload, the block code, and
the frame header to form a corresponding frame;

means for transmitting the assembled frame from the trans-
mitting terminal to the receiving terminal;
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means for adaptively changing the selected code rate based

on an improvement 1n the measured link quality; and

means for identifying an increased {irst variable size and a

decreased second variable size responsive to the
changed code rate so a size of the frame size remains
constant.

4. A satellite communications system for assembling and
disassembling a frame including packet-formatted data
according to a predetermined frame format, the system com-
prising:

a gateway terminal configured to:

receive a measured link quality from a receiving termi-
nal;

select a code rate to be used according to the measured
link quality;

assemble a data payload for the frame having a first
variable size, the first variable size adapted according
to the selected code rate;

generate a block code used for error correction and hav-
ing a second variable size, the second variable size
adapted according to the selected code rate;
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provide a frame header which defines aspects of the
frame;

combine the data payload, the block code, and the frame
header to form the frame; and

transmit the frame 1n a wireless communications signal
directed to the receving terminal; and

a receiving terminal, in communication with the gateway

terminal via satellite, and configured to:

recerve the frame via the satellite;

decode the frame header to identify the selected code
rate; and

decode the data payload using the block code and the
selected code rate,

wherein the gateway terminal 1s further configured to:

adaptively change the selected code rate based on a
change 1n the measured link quality transmaitted from
the recerving terminal via satellite; and

identily a changed first variable size and a changed
second variable size responsive to the changed code
rate so that a size of the frame remains constant.
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